Functionalized SWCNT-based Chemiresistors are reported for highly robust and sensitive gas sensor to selectively detect cyclohexanone, a target analyte for explosive detection. The trifunctional selector has three important properties: it non-covalently functionalizes SWCNTs with cofacial π-π interactions, it binds to cyclohexanone via hydrogen bond (mechanistic studies were investigated), and it improves the overall robustness of SWCNTbased chemiresistors (e.g. humidity and heat). Our sensors produced reversible and reproducible responses in less than 30 sec to 10 ppm of cyclohexanone and displayed an
Herein we describe a method that uses chemically functionalized single-walled carbon nanotubes (SWCNTs) to detect cyclohexanone with a theoretical detection limit of 5 ppm.
This method uses highly conductive SWCNTs that experience resistive changes upon exposure to the analyte to yield a small, low power, and simple sensor. involve analyte/π-system interactions and therefore increase the resistance of the SWCNTs, beginning with a low resistance generally provides for higher sensitivity sensors.
Alternatively, non-covalent functionalization can provide for minimal changes in the SWCNTs electronic properties, but during a sensor's lifecycle these compositions can undergo structural changes with multiple thermal and chemical treatments that change the sensory performance. As a result, there is a need for SWCNT-based sensors wherein the nanotube-receptor structure is fixed in place without the need for covalent functionalization of the sidewalls.
In this study, we non-covalently functionalize SWCNTs by dispersing the nanotubes in a medium of selectors ( Figure 1a ). The selectors are designed to recognize significant aspects of the analytes chemical structure/properties and we find that trifunctional selector 1a produces that best overall sensory properties. In addition to hydrogen bonding element selector 1a employs bis(trifluoromethyl) aryl group, which has been found to π -π stack with aromatic molecules (21), and thereby provides a non-covalent interaction with SWCNTs. Selector 2a uses pyrene, which is well known to interact with graphene surface of SWCNTs (8, 17, 22).
Additionally, the SWCNT network presented in this study is immobilized (fixed) through the polymerization of the alkoxyl silyl groups attached to the selectors to create materials suited for demanding solution sensing in high sheer flows.
Results and Discussion
To address the current limitations of SWCNT-based sensors we have designed and synthesized trifunctional selectors that enhance the selectivity, sensitivity, and robustness of the resultant devices. Figure 1b shows the conceptual hypothesis behind the trifunctional Upon exposure to cyclohexanone, there is an instant increase in resistance for both pristine SWCNTs-based sensors and our functionalized SWCNTs-based sensors. For pristine However, the hydrogen-bonded complex with cylohexanone will give an enhanced collective dipole (Scheme 1) that will further pin or scatter carriers for increased sensitivity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 importantly we found that the 80° C pretreatment does not affect the device sensitivity (Figure S-3a) . The pyrene anchors in 2a were highly effective in immobilizing the SWCNTs on the surface of the substrate such that it can withstand harsh conditions (e.g. ultrasonication) without detaching from the substrate (Figure S-3b) . Although the device stability with these trifunctional selectors 2a is exceptional, the sensitivity and selectivity was poor 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and the resultant devices displayed ketone responses that are equivalent to pristine SWCNTs.
Therefore, we have focused on 1a with the bis(trifluoromethyl) aryl group for the noncovalent attachment of the receptors to the SWCNTs. The role of (trifluoromethyl) aryls goes beyond promoting associations with the SWCNTs and also extends to the recognition process.
Specifically, the inductive effects of the CF 3 groups cause the thiourea's protons to be more acidic, thereby rendering a more sensitive and selective device towards cyclohexanone. (27)
The interactions between cyclohexanone and the thiourea moiety are shown in Figure 2b .
Each sensor was placed in a sensor array and simultaneously exposed to 1% cyclohexanone.
Both selectors 1a and 1b (a homolog without a TES group) showed over 2-fold increases in sensitivity to cyclohexanone in comparison to pristine SWCNTs. Note that selector 1a also exhibits approximately the same response as selector 1b, therefore, suggesting that cyclohexanone does not interact strongly with TES. Selector 1a's slight decrease in response could be the result of the polymeric/surface chemistry limiting the interactions with the SWCNTs and this can result in fewer selectors residing on or directly proximate to the π-surface of the SWCNTs. To prove that the primary interaction of cyclohexanone is through the hydrogen bonding with the thiourea receptor, we prepared methylated thiourea receptors.
Monomethylated selector (1c) showed 39% decrease in the response, with respect to selector 1b. Selector 1d, in which both hydrogens of the thiourea are replaced with methyl groups, displays an additional 21% decrease in response and effectively produces a response that is equivalent to pristine SWCNTs. Based upon these structure activity relationships it appears that cyclohexanone interacts with the thiourea receptor via hydrogen bonding. This binding in turn causes an increase in the resistance of the functionalized SWCNTs network.
Our investigations of the selectivity of sensors formed from SWCNTs with and without selector 1a are summarized in Figure 3a . Each sensor was placed in an array and was We have also investigated the stability and sensitivity of our devices towards mechanical damage by sonication, heat and humidity, because we anticipate that useful sensors will need to withstand extreme conditions (e.g. deserts, sweltering delivery trucks containers, etc.). To evaluate the mechanical robustness of the devices, we submerged sensors into methanol and exposed them to prolonged ultra-sonication (20 min). As mentioned earlier, the pyrene groups provided a strong anchor and survived these harsh conditions with pretreatment of heat.
However, devices using selector 1a did not withstand ultra-sonication conditions even after catalytic efforts to hydrolyze/polymerize TES group by heating devices overnight at 80°C under reduced pressure. To assess the device's thermal resistance each sensor was placed in an array and simultaneously exposed to a 1% vapor concentration of cyclohexanone. The sensors were then heated at 80°C for 11 hrs under reduced pressure, allowed to cool, and reexposed to 1% vapor concentration of cyclohexanone. We observed enhanced robustness with respect to heat from the SWCNT devices functionalized with TES (Figure 3b) . After the long 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 duration of heating, sensors with selector 1b showed 60% decrease in sensitivity whereas sensors with selector devices 1a showed a 27% decrease in sensitivity, and a response still at least 2-fold better than pristine SWCNTs. The surface linkages and networks formed from TES oligomerization likely prevent selector 1a from phase separating from the SWCNT's surface or decomposing under high temperature conditions. To examine the sensor's stability under humid conditions, the devices experienced prolonged exposure to relative humidity ranging from 0% to 80% (Figure S-4a) . At 80% relative humidity, six sensors with selector 1a had an average resistive change of 20% ± 4% while six pristine SWCNTs sensors had an average resistive change of 47% ± 8%. The trifunctional selector 1a provides a longstanding SWCNT network that is less probable of SWCNT moving disrupting the SWCNT contacts thus increasing the SWCNT network's resistance. The sensors using selector 1a that experienced a small change in resistance upon prolonged high humidity conditions showed no significant decrease in sensitivity towards cyclohexanone average conductive changes after devices were exposed to 1% vapor concentration of cyclohexanone with relative humidity ranging from 0% to 80% (Figure S-4b) .
Conclusion
In summary, we have shown through experimentation that trifunctional selectors can be used to create robust SWCNT chemiresistors with useful response to the explosives signature cyclohexanone. Sensors using selector 1a displayed the best responses and structure property relationships suggest that the ability of these materials to detect cyclohexanone is the result of selective hydrogen bonding. The resultant robust sensors were able to withstand high temperature and humidity and displayed reversible, reproducible, responses in less than 30 sec to 10 ppm of cyclohexanone. The design strategies of the trifunctional selectors described establish the foundation for the design and fabrication of selective SWCNT-based gas and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 liquid sensors with exceptional stability and robustness.
Experimental Section
Glass slides were sonicated in acetone (30 min) and treated with an oxygen plasma (5 min) from Harrick Plasma. The glass slides were then placed into the thermal deposition (Angstrom Engineering) with a home-made stainless steal mask on top. Chromium adhesive layers (10 nm) and gold electrodes (75 nm) were deposited onto the surface of the glass with a gap (300 µm) between the metal electrodes. SWCNTs were purchased from Sigma-Aldrich (≥70% purity and 0.7-1.3nm diameter). Before using SWCNTs, they were treated with After drying, the devices were placed in a small Teflon enclosure and a small voltage (50 mV) was applied from a potentiostat (PalmSens:EMStatMUX16). The current passing through the sensors was monitored while exposing it to various analytes (with dry nitrogen as the carrier gas) four consecutive times for 30 sec with a recovery time of 1 min and the sensors were examined in triplicate. The gas mixtures were produced by KIN-TEK gas generator system. In the sonication study, the devices were placed in a beaker full of methanol and experienced ultra-sonication (20 min). Synthesis of selectors can be found in the SI. The selectors were confirmed using Bruker 400 MHz and 401 MHz nuclear magnetic resonance (NMR) and high-resolution mass spectrometer. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 change (-∆G/G 0 (%)) of SWNCT-based sensors with different selectors to 50 ppm cyclohexanone before and after 11 hours of heating at 80°C under reduced vapor pressure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
